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Summary

Thie paper summarizes the key features
of & new prospective application of the
high—energy intense proton beams to exciting
& lineer acceleratins giructure which was
recently proposed 1+ and called the "pro=-
ton klyetron®, Thie scheme opens up rather
Inexpensive way to ultra-high energles inaa

e gelectlon of charged-particle beams “ .
On the other hand such an addition to an
existing big proton machine will considerab-
1y inoreape the capabilities of generaiing .
{and acce%erating) varioue secondary partic-
le besms .

Introduction

The snergy stored in the proton beams
has already reached a level of 3 MJ in the
CERN SPS and in the FNAL Main Ring, while
far higher energies and intensities are be~
ing projected. Due to smell beam emittance
and energy spread thlis stored energy is ex-
cellently adapted for conversion into the
eslectromagnetic energy of excitation of &
linear ascelerating siructure at a2 small wa~
velength, thue enagling a very high acchle-
rating gredient.

A stored ensrgy of 3 MJ suffices for
exciting the 5 cm asccelerating structure at
a rate of acceleration of 100 MeV/m and to-
tal length 50 km. In the limit, this makes
it poagible+to agcelerate charged particles
(p,g,e-. MZ, =) to an energy of 5 TeV,
while the energy of the baels sccelerator
beam can he far lower. In principle one can
trangfer up to half the energy stored in
this beam to the particles belng accelera—
ted. However, in this limlting cape the
energy of accelerated particleas will be sub-
stantially lower than the extreme value abo-
ve guoted. The HF pumping power {even witho-
ut longitudinal compression of the exciiing
Eroton beam) can reach 100 G¥ in modern acce-

eratore; longitudinal compresslon allows ome
to increese thia value gherply in addition.
Hote that employing superconducting magnet
and RP systemsa in the basls proton machine
con make the efficiency of converting the
power from the malna into proton beam power
relatively high.

iy rinciple o
ystron

the proton

¥ow we shall treat the problem of tha
sfficlent tranefer of the large stored ener-
gy in the proton beam to & linear scoelera-
ting structure i.e. to an appropriately ae-
lected disphragmed wavegulde of a simple de-
aign.

First of all a proton beam homogeneous
in time should be converted into a density =-
= modulated beam with the necesaary wave-
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length {of the order of a centimeter). The
modulation cen be carried out by transmisal-
on of the beam through the accelerating eec-
tion supplled at the needed wavelength, whe-
re the beam energy is modulated by the value
conglderably exceeding the energy spread of
the primary proton beam (this spread in SFS
is lemgs than 50 MeV). The subsequent bunching
is optimally performed in the bending modula-
tor {fig. 1a) with an appropriate focusing.
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Pig. 1+ Two versions of the bending

modulator.

For needed harmonic of the current 11 in
the emerging beam be close to the maximum
poseible, 1.e. Iy==2I , where 1 is the pro-
ton currsnt before modulation, 1t is useful
to add higher harmonice to the energy modula-
tion or to employ cascade bunching. After
this operstion the proton beam 1s directed
into the eppropriate linear accelerating
astructure having the necessery magnetlc gqua-
drupole focusing to keep the protons within
the apartures of the dlaphragms of the wave-
guide (fig. 2).
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Fig. 2. 4 linac structure excited
with the proton beam.

One can emgloy es the hending modulator
elther a special magnetic tract through which
the ejected proton beam is pessed or the
ring of the basie proton accelerator. In the
latter case & linac {of energy of the order
of 100 MeV) can be set up in a by-pase ad]a-
cent to one of the machine straight secti-
one (fig. 1b), After finishing the accele-
rating cycle the beam fs directed for a sin-
%le pees into this modulating linac while

he required density moduletion srises in
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the submequent motion in the arcs.

Energy attaineble in a linac with
e proton klystron

Let ua passz such a density-modulasted
beam of ultrarelstivistic protone through &
linear secelerating structure tuned to the
wavelength A corresponding to the first
modulation hermonie. A high-freguency fleld
will be excited in this astructure that de-
celerates the protons, which will transfer
their energy to the elsctrdmagnetic field.
At firat the amplitude E_ of this fleld
will increase in proportlon to the total
charge eN of the protons that have passed
through the given crobs-pectlon:

. . _4
£, =100 88 =1.540™" N (MV/em).
0 A A2
Tem

This increase will continue up to the decey
time in the system, which is proportio-
nal tonl’m. For A = 1 om it amounts to abo-
ut 20 ns in e copper wavegulde. Yet 1f the
time of passage of the proton current le
much larger than Ta , an amplitude of the
electric field is established in the struc-
ture that ie proportional to the measn pro-
ton current I: :

_ Eo=2IR 3 %Aﬁ— (MV/cm),

In the latter formuls R 1is ihe lineal impe=-
dance of the etructure and Ia 1s the pro-
ton current in emperes. Here we have masu-
med thet the electiron loading ardising from
cold emission caused by the large excited
electric field is &till negligibly emall.

If one directly employe the proton
current of the contemporary record-setting
high-energy accelerators, one can obteln
in & siructure having A = 1 cm an establi-
ehed (within the time of revolution 1ln the~
8e accelerators, which amounts to about
20 me) field amplitude of about 0.6 MV/cm.
Evenl & relatively smell preliminary bun-
ching of the proton beem will enable one %o
obtain sn effective fleld up to 1.5 MV/cm
in the accelerating structurs, which is st
the limit for the electric sirength of the
surface. The total time of existence of
thig fleld will be proportionally smaller
then without thie bunching. If one injects
any type of ultrerelativistic particles in-
to the accelerating phase {for the glven
slgn of charge of the particles) slong with
the exciting proton beam, one can accelera-
te them at & rate of 60-150 Ge¥/km, respec-
tively (fig. 2).

Thue one can accelerate particles up
to an energy approaching the limliting ener-
gy of the basis eccelerator. The limiting
intensity of the accelersted beam will amo-
unt here to about 10% of the intensity of
the basle accelerator (with s monochroma-
ticity of the order of a percent).

Upon dividing the primary beam into
several bunches of eufficient length and
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passing them separately (with the correct
time shift) through conpecutive linear azcce-
lerating structures (fig. 3), each of which
bringe about slmost complete braking of the
primary besm, one can make the particlens
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Fig. 3. Beam dlgtributing for
conaecutive linec structures

in many-fold energy step-up.

being accelerated pass succeassively through
all the accelerating structures, while pro-
portionally elevating the energy of the ac-
celerated particles a&s compared with the
energy of the basis accelerator. Raturally,
the limiting Aintensity of the beam of acce-
lerated particles will be proportiomally lo-
werlin average).

The needed redistributlon in time of
the individual parts of the exclting beam -
- the spent and the "fresh" bunchee must
arrive simultanecusly at each new secilon -
-« caen be carried out wilth different schemes.
Logically the simplest is to install in the
turnel of the main accelerefor some addlitio-
nal pulsed magnetic small-aperture full-
~energy tracks having somewhat different re-
volution times ~ for particles with a given
momentum, and vo admit each bunch, which
occuples its corresponding fraction of the
perimeter of the accelerator, into its own
trask (fig. 4a). When all the bunchee coin-
cide in ezimuthal position one musgt, after
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Fig. 4, Two versions of re-zrranging
the proton beam time struciure required
for the many-~fold energy atep-up.

the operation of ghort-wavelength modulation
of the density of each of the bunches, rele-
age them and direct them toward the corres-
ponding sections of the linear accelergting
structure, This same operastion cen elso be
performed with long delaye in transfer chan-
nels, although thies requiree additional tun-
nels (fig. 4b).

In order to confine the particles of
both the exciting and the accelerated beams
within the apertures in the diaphragmed wa-

‘veguide of the linear accelerating structu-

re, one requires aufficiently atrong focu-
ging. Here one must attain simultaneous sta-



bility of the transverse oscillatlons of
particles with sharply di fforing momenta.
Estimatens show that the beams of modern pro-
ton accelerators will pass through almost
without losses when one attaines the optimal
guadrupole focusing for accelerated partic-
les having & momentum of several GeV/c, even
for waveguides in the centimeter range. For
the detailed analysis of the beam transmis-
sion which eccounte for strong foousing,
finite beem emitiance snd yields an optimal
A » Bee ref. 2.

Another problem involving the passage
through
stic particles having sharply varylng -
-fectora, and hence somewhat differing velo-
citien, i to effsct the correct relative
phasing of these particles. In order to re-
move the consequences of the gradual lag of
the particles having lower velocity, efter
each section of length Ajym /2 one must
separate the exciiing beam and the beam he-
ing eccelerated and retard one beam with
respect to the other by sbout 3A/4 via a
difference in the path lengthe to the eni-
rance to the next mccelerating sectlon. This
method allows cne simultianeously to rid the
besm being sccelerated of partlcles having
different masses.

Prospecte in high~ener gic

w e prolon raLvron

Let up examine the potentlalities of
the variant of acceleration described. If
the conditions given above are satlipgfled,
the mocelerstion of stable charged partic-
les (if their velocity ie close enocugh to
the speed of light at the outeet) glves ri-
ge to no difficulties, independently of the
type of particles. It is of interest both
to increase the energy of protons (with in-
jection of a fraction of the primery pro-
tong in the accelerating phase of the hf
potential) and %o mccelerate preliminarily
stored and cooled antiprotons and ions, or
to mocelerate eleotrons and posltrons wi-
thout the restrictions massociated with the
catestrophic growth of synchrotron radiati-
on characteristic of circular sccelerators
(in linear acceleration the loeses in non-
coherent radiation are negligibly small).
It 18 of especial interest to accelerate
polarized particles of all types-since with
linesr acceleration the depolarizing ef-
fects can be made very small.

Acceleratora baged on proton klyetrons
can be of greatest interest for accelera-
ting unstable particles. The required rate
of acceleration dE/dS|, from the energy Ef
t0 the snergy E whild the number of par-
ticlem in the beam being accelerated 1s de~
creased by decay from Ki fo Ng is given by
the formula

é_E_\ _ me In(Et/Ei)
asly T In(M/n)
Hers m and 7y are the mees and lifetime of

the particles in the rest freme of referen-
ce,

the same structure of ultrarelativi-

For muons the guantity me/¢, amounts
to 1.6 keV/em, end 0.18 MeV/om for pions. We
see directly from this that a linear sccele-
rator with & rate of gain of energy of about
1 MeéV/cm enables one to mccelerste both mu-
ons and plons to the limiting emergy with
smell intenelty losses.

1% 18 rational to ccol a muon beam befo-

re acceleration by fonization cooling, and

to bunch the muons into regiong close to the
maxima of the mccelerating voltage with a
bending modulator prior to injection. It is
desirable to perform the nesded bunching of
pion beams to be injected intc the superli-
na¢ by bunching the high-quelity primary
proton beam used for generating the plons.

Por the acceleration of charged kaons
an accelerating gradlent grenter than
3 MeV/cm im required. Apparently such gra-
diente unavoidablg caume s complete shunting
of the structure by cold-emission elecirons,
and the only means to obtain such e field is
that proposed in ref. 4 {reviewed in ref. 3},
aleo based on the proton klysiron concept.

The use of superlinacs with proton kly-
atrons allows one in principle to perform
many experiments with the colliding beams on
the basis of exlsting superhigh-energy pro-
ton mccelerators, or those under consirucii-
on or in planning, if one can achieve the
required luminoslty.

In order io create JL & colliding be-
ams, after one has accelerated the pions in
a superlinac, one must inject them into a
magnetic track with sn extremely high value
of the magnetic field (in order to increase
the number of collipions per lifetime). In
this caee the limlting mesn luminoslty Lﬁ?
will be .

gr__ 4Np Np pzp eHtr
L'?: - C:if £a* (m-l'c)a Zx%c i

Here & 1s the efficiency of proton-plon
conversion; is the number of protons sup«
plied by the gaais sccelerator per second;
Ry 1e the number of pions in one superbunch;
0 ie the effective length of the optimi-
zed converslon target; #s ia the length of
a plon superbunch in the magnetie track, and
at the same time, the value of the beta-fune-
tion at the collimion point, Pg 1s the mo-
mentum of the pions after conversion, P is
the momentum of the sccelerated plone; H is
the value of the megnetic field in the irack
where the collisioens occur; and 15! is the
regtfreme lifetime of & pion.

; . 13 _ .
Tf.we essumne thet N, = 10'7 p/sec,
Hy = 101“r, = 10*}:‘[. 'g,—- GeV/e, P =
= 500 GeV/c, H = 100 kG, ‘<n = 1 cm, and

x = 1 m, then we obtain the following limi-
ting luminositys

17 = 3:40% emi 7,

In prineiple, this sufflces for experiments
to study the fundamental properties of the
pion~-pion strong interactiocn.

When one employs the smme system for
plon~-proton experiments with substitution of
nrotons for the positive plons, the limiting
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mean luminesity is

TP = |57 Np
L‘Z: LAZ: Iqﬁ )

With a number of perticles Ng = 1012 45
one proton bunch and with the other perame-~
tera as before, this gives

LIE = 3-10% emzs7,

If we utilize the system being discussed to
perform muon=muon experiments with colli-
ding beams while ueing muon besms with io-
nizetion cooling (under the condition of
keeping the normalized emittance of the mu-
one at collision egual to their emittance
immediately after the ultimete Llonization
cooling), then we obtein the following 1imi-
ting mean luminomeity);

Apo__ ONp Nuw p eHTa
s = 7 T, 2nt 2rma

Here [, is the length of the ionization-
-gooling target, which is egqual to the va-
lue of the beta-~function of the coocling
agent in the region of the target; me is
the maes of an glectron. Upon sssuming that
« 1 cm and tLu= 5 em, with the rest of
the parameters as given above, we sbtain an
estimate for the limiting luminosity:

LY = 3-10% eme 57,

. Superlinacs excited by proton klyst=
ronp cen be used also for performing expe-
riments with electron~positron linear col-
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liding beams. With the'htandard“,product%gi-
ty of the proton accelerator of Np = 10
p/eec, the limiting electron-posisron Temi-
noslty will be

ete” LY P

Lz = 10" cm2s?
A luminosity at this level ie already of in-

terest; moreover, the productivity of synch-
rotrone is expected to Increase even further.
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